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Climate variability hypothesis 
A B S T R A C T   
Understanding sources of variation in animal thermal limits is critical to forecasting ecological responses to 
climate change. Here, we estimated upper and lower thermal limits, and their capacity to respond to thermal 
acclimation, in several species and populations of diving beetles (Dytiscidae) from diverse geographic regions 
representative of variable climate within South Africa. We also considered ecoregions and latitudinal ranges as 
potential predictors of thermal limits and the plasticity thereof. For upper thermal limits, species showed sig-
nificant variation and limited acclimation-related plasticity. Lower thermal limits responded to acclimation in 
some cases and showed marked variation among species that could be explained by taxonomic affiliation and 
ecoregion. Limited acclimation ability in the species included in this study suggest plasticity of thermal limits will 
not be a likely buffer for coping with climate change. From the present results for the Dytiscidae of the region, it 
appears the group may be particularly susceptible to heat and/or drought and may thus serve as useful indicator 
species of ecosystem change. Understanding how these climate-related impacts play out at different spatial and 
temporal scales will have profound implications for conservation management and functional responses, espe-
cially important in a region already showing a trend for warming and drying.   
1. Introduction 
Species range limits are the result of multiple evolutionary and 
ecological factors, from species distribution and abundance to niche 
evolution (Sexton et al., 2009). Insect’s geographic ranges can vary 
dramatically from multi-continental to highly restricted distributions, 
and in many cases, populations might experience distinct habitat con-
ditions comprising a matrix of suitable and unsuitable habitats resulting 
in a patchy but generally broad distribution (Gaston, 2003). To cope 
with environmental variability, populations can either locally adapt or 
rely on high levels of phenotypic plasticity to tolerate that diversity of 
conditions (Sinclair et al., 2012). Small, fragmented populations that 
have low levels of population connectedness are, however, likely to be at 
a disadvantage when coping with environmental variability, as they will 
be unable to be rescued by migrant genes from adjacent populations 
(Jump and Peñuelas, 2005; Parmesan, 2006). The climate variability 
hypothesis suggests that there is a positive relationship between an or-
ganism’s thermal tolerance breadth and the level of climatic variability 
it experiences with increasing latitude (Bozinovic et al., 2011b). While 
physiological trait variation among populations should reflect selection 
for fitness in the environmental conditions within those populations 
(Hoffmann et al., 2013), intrinsic genetic differences among species 
might not be related to the environment where a population occurs, but 
rather to the range of conditions experienced across the whole distri-
bution of the species (Sexton et al., 2013). In this sense, it is the habitat 
diversity within the species distribution that together with its phyloge-
netic origin (or conversely, any fundamental constraints) might influ-
ence its environmental stress resistance (Sanborn et al., 2003; 
Kellermann et al., 2012; Kellermann et al., 2018). 
Organisms can cope with environmental variability either by 
behavioural responses (such as dispersing to suitable areas or changing 
other behavioural strategies, including activity windows), adapting 
through genetic changes in situ, by adjusting their phenotypic plasticity 
without changing their genotypes, or some combination of these three 
possibilities (Beldade et al., 2011). Physiological plasticity, which is 
widely-documented through diverse acclimation responses (e.g. 
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seasonal adaptations), allow individuals to better match their changing 
environment and thereby enhance fitness (Chown and Terblanche, 
2007; Whitman and Agrawal, 2009). Thermal acclimation is the 
phenotypic response of an organism to novel thermal conditions, in 
other words, it is the ability of an organism to adjust its performance via 
plasticity to a change in its environment. Such strategies might be 
crucial to cope with rapid climate change leading to higher and more 
variable temperatures (IPCC, 2014), as there are potential constraints on 
rapid genetic adaptation (Walther et al., 2005; Kellermann et al., 2009; 
Williams et al., 2012; Araújo et al., 2013; Kelly et al., 2013; Kristensen 
et al., 2015; Sgro et al., 2016). Consequently, studying the impact of 
thermal variability and an organism’s plastic responses more broadly is 
important for understanding a species or population’s ability to cope 
with change and towards establishing population responses, changing 
risks or vulnerability assessments (Somero, 2011; Bozinovic and 
Pörtner, 2015). Furthermore, it has been argued that plastic responses 
will be insufficient to cope with climate change (Gunderson and Still-
man, 2015; Gunderson et al., 2016). Regardless, thermal variation may 
be an important selective agent on terrestrial invertebrates (Terblanche 
et al., 2010; Bozinovic et al., 2011a; Thompson et al., 2013), especially 
for ectotherms, for which temperature has profound effects on their 
physiology, ecology, and evolutionary fitness (Bale, 2002; Chown and 
Terblanche, 2007; Dillon et al., 2009). 
To better understand regional and fine-scale responses to environ-
mental variability, here we examine the thermal acclimation responses 
of heat and cold stress resistance (critical thermal maximum and mini-
mum) of several diving beetles focusing primarily in the highly bio-
diverse Cape Floristic Region (fynbos biome) of South Africa, following a 
physiological ecology approach. On average, the region is characterized 
by a Mediterranean climate (Olson and Dinerstein, 2002) with low 
precipitation and high temperatures in summer, and the opposite in 
winter (Midgley et al., 2005). We compared the upper and lower limits 
to thermal performance after thermal acclimation of several species 
(Canthyporus hottentottus, Hygrotus inquinatus, Laccophilus lineatus, Lac-
cophilus taeniolatus, Hydrovatus macrocerus and Hydrovatus sobrinus) to 
estimate their thermal tolerance and their ability to acclimate to new or 
altered thermal conditions. Previous work suggests that lower lethal 
temperature limits normally respond strongly and positively to thermal 
acclimation conditions, while upper lethal limits show little or weak 
geographic variation (reviewed in e.g. Chown and Nicolson, 2004; 
Addo-Bediako et al., 2000), indicating significant constraints on their 
adaptive capacity (Hoffmann et al., 2013). However, most of these 
studies focused on model species, leaving most groups, habitats and 
geographic regions under-represented (Chown et al., 2002; Seebacher 
et al., 2015). Therefore, we have to consider studying non-model or-
ganisms to have a broad, comprehensive picture of regional responses. 
There are c. 350,000 described species of Coleoptera, the largest 
group of animals (McKenna and Farrell, 2009), and the shift from 
terrestrial to aquatic habitats occurred at least 10 times in their evolu-
tionary history (Hunt et al., 2007). Aquatic beetles are adapted to live 
mainly in fresh water at some or all stages of their life-cycle. The 
Dytiscidae (diving beetles) are a medium-sized (1–2.5 cm long) family 
with around 4000 species described. Within the family, the life-history 
variability and physiology is not especially well-documented as life- 
cycle stages and their optimum environmental conditions for life- 
history are unknown for most of the species. 
We focus our study in adult specimens of some species of the fresh-
water aquatic coleopteran fauna of this region for which thermal 
tolerance has not been investigated previously. We already know the 
thermal limits for some natural populations of aquatic Coleoptera of the 
northern hemisphere (Calosi et al., 2008; Calosi et al., 2010). Calosi 
et al. (2008, 2010) stated that thermal tolerance of a species was found 
to be related to the size of its geographical range. Here, we use lat-
itudinal range and number of ecoregions as an approximation to the size 
of a species’ geographical range. Number of ecoregions also takes into 
account the ecological diversity in the areas that compose the distribu-
tion of a species. 
We therefore undertook a multispecies study describing the thermal 
limits and capacity of acclimation over a short timescale (±1 week) for 
six species of aquatic beetles, with three populations for two of them to 
assess the magnitude of inter-population variation. We aimed to further 
analyse the influence of their thermal capacity of habitat diversity 
within the species distribution and its phylogenetic origin, and thereby 
address several basic but fundamental questions that have not been 
tackled for this group in the region. Are these species able to modify 
their upper and lower thermal limits after thermal acclimation? Is there 
any geographic variation in acclimation responses within species? A 
number of processes possibly including local adaptation and plastic re-
sponses might be present if we detect geographic variation in thermal 
tolerance among populations for a species. This might be a useful indi-
cator of the extent and limits of a species’ ability to respond to changing 
environmental conditions. The alternative would be for all populations 
to express similarly high levels of phenotypic plasticity that enable them 
to tolerate diverse thermal conditions (Sinclair et al., 2012). Otherwise, 
differences in acclimatory capacity among species would indicate the 
acquisition of this different capacity through genetic differentiation. 
Table 1 
A general description of study sites, species sampled, locality, coordinates and elevation of sampling and collectors.  
Species Locality Date of sampling 
(month/year) 
Coordinates Elevation Collectors 
Laccophilus lineatus Aubé, 1838 South Africa, Stellenbosch, 
Jonkershoek, Eerste river 
03/10 18◦57′12.89′′E, 
33◦59′04.42′′S 
301 m Hidalgo-Galiana and 
Terblanche leg  




298 m Hidalgo-Galiana, Kleynhans 
and Terblanche leg  
South Africa, Cederberg, Dwarsrivier 05/10 19◦21.029′E, 
32◦31.128′S 
735 m Hidalgo-Galiana and Kleynhans 
leg 
Canthyporus hottentotus (Gemminger 
and Harold, 1868) 
South Africa, Stellenbosch, 
Jonkershoek, Eerste river 
03/10 18◦57′12.89′′E, 
33◦59′04.42′′S 
301 m Hidalgo-Galiana and 
Terblanche leg  
South Africa, Elim, Nuwejaars river 05/10 19◦47′35.82′′E, 
34◦36′10.58′′S 
26 m Hidalgo-Galiana and Den 
Heijer leg  




156 m Hidalgo-Galiana and 
Terblanche leg 
Hygrotus inquinatus (Boheman, 
1848) 
South Africa, Montagu, Breë river 03/10 20◦06′21.37′′E, 
33◦47′38.07′′S 
220 m Hidalgo-Galiana and Den 
Heijer leg 
Laccophilus taeniolatus Régimbart, 
1889 
South Africa, Ceres, pond 05/10 19◦23′17.2′′E, 
32◦58′15.2′′S 
964 m Hidalgo-Galiana and Kleynhans 
leg 
Hydrovatus macrocerus Régimbart, 
1895 
South Africa, Nelspruit, pond 04/10 30◦59′50.35′′E, 
25◦32′13.83′′S 
987 m Hidalgo-Galiana and Kleynhans 
leg 
Hydrovatus sobrinus Omer - Cooper, 
1957 
South Africa, Nelspruit, pond 04/10 30◦59′50.35′′E, 
25◦32′13.83′′S 
987 m Hidalgo-Galiana and Kleynhans 
leg  
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With this work we also aim to contribute novel data for a poorly studied 
region and taxa towards global datasets that are increasingly being used 
to address climate change responses and thermal vulnerability for 
diverse habitats and taxa (e.g., Bennett et al., 2018). 
2. Material and methods 
2.1. Species sampling 
Adults of six species from the family Dytiscidae of similar sizes (3–5 
mm) were sampled in the region of the Western Cape, from March to 
May of 2010 (Table 1) by netting with pentagonal-framed pond net (1- 
mm mesh, dimensions 20 × 25, for protocol see Tachet et al., 2000; 
Turner, 2007). 
For most of the species we have taxonomic, distribution and 
biogeographical information available from recent reviews: for Can-
thyporus hottentottus (Gemminger and Harold, 1868) see Biström and 
Nilsson (2006); for Hygrotus inquinatus Boheman 1848 see Biström and 
Nilsson (2002) for the species’ distribution and Villastrigo et al. (2017, 
2018) for their phylogenetic placement and taxonomy; for Laccophilus 
lineatus Aubé 1838 and Laccophilus taeniolatus Régimbart 1889 see 
Biström et al. (2015); for Hydrovatus macrocerus Régimbart 1895 and 
Hydrovatus sobrinus Omer-Cooper 1957 see Biström (1997). 
2.2. Laboratory acclimation 
After collection, specimens were transported to the laboratory 
(within 1-3 h from collection) and stored in a 2 L bottle with some water 
and local vegetation. In the lab we transferred them to glass aquariums 
(5 L of distilled water) with vegetation and stones and fed them with 
frozen Artemia. Estimates of thermal resistance are typically not 
confounded by starvation and dehydration stress during assays  over the 
kinds of time-scales we consider here (Terblanche et al., 2011; 
Overgaard et al., 2012; Mitchell et al., 2017). We haphazardly assigned 
them to one of two groups for each population to be held at either 20 ◦C 
or 26 ◦C for 7–8 days, both temperatures well within the range that any 
of the species we study here experience in the field in the austral summer 
(following e.g., Hoffman and Watson, 1993; Klok and Chown, 2003). We 
controlled for temperature by checking water temperature several times 
a day with thermometers and adjusting the temperature with the 
aquarium heater (a filter pump and aerator included for continuous 
circulation and heat distribution) and used calibrated Thermochron 
(iButton) dataloggers (Dallas Semiconductors, Dallas, TX, USA) to check 
for the stability of aquarium’s temperature. Day length was set at 12:12 
h L:D light regime and the pH variability corrected whenever necessary 
with titration of aqueous sodium bicarbonate (NaHCO3). Modification of 
thermal tolerance may be due to many environmental factors such as pH 
that might influence some physiological rates, so a precise control 
should be maintained for acclimation conditions (Lutterschmidt and 
Hutchison, 1997; Chown and Gaston, 2008). Mortality varied between 
0 and 10% during laboratory rearing and acclimation (H. sobrinus 10%; 
L. lineatus, L. taeniolatus and C. hottentottus 0%). All the populations from 
the Western Cape were confirmed to have a Mediterranean climate 
regime after assessing the ombrothermic plots and the climatic data 
(Fig. 1). 
2.3. Thermal baths and critical thermal limits 
Adults of mixed sexes for each population were measured for CTmax 
(Critical Thermal maxima) and CTmin (Critical Thermal minima) using 
circulating, programmable (refrigeration) water baths (Grant GD200- 
R4, Grant Instruments, UK; accuracy: ±0.1 ◦C). CTmax and CTmin were 
determined in glass tubes with 2 mL of aquarium water, disposed in a 
rack in contact with the solution (glycol:water at 1:1 ratio to allow sub- 
zero temperatures). We used a dynamic (ramping) method for deter-
mining the CTmax and CTmin values at a constant heating or cooling rate 
Fig. 1. Map with position of sampling localities and ombrothermic graphs. In brackets, number assigned to each locality. In blue, mean precipitation/month (mm). 
In red, mean air temperature/month (◦C). Climate data for Temperature Maxima (tmax), Temperature Minima (tmin) and Bioclimatic (Bio5 and Bio6, respectively 
maximum temperature of the warmest month and minimum temperature of the coldest month) were extracted for the sampling localities from WorldClim_2.5 m 
database (Hijmans et al., 2005) and used in DIVA-GIS (Hijmans et al., 2001) to extract the information to produce the ombrothermic graphs for all sampling localities. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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of 0.25 ◦C/min, a rate that is thought to be more ecologically relevant 
than a higher rate although still faster than diurnal rates of air tem-
perature change (Chown et al., 2009; Nyamukondiwa and Terblanche, 
2010), with frequent checking for the onset of spasms and the loss of 
righting response (no response to stimuli), using the latter for the 
comparative analysis. The start temperature was set at 22.5 ◦C for 10 
mins (intermediate between the two acclimation temperatures of 20 ◦C 
and 26 ◦C) so that the ramping rate was exactly the same between in-
dividuals acclimated at different temperatures and avoiding the con-
founding effect of starting from a different baseline condition that might 
artificially elevate measures of the plastic response (Terblanche and 
Hoffmann, 2020). Typically we used 9–10 individuals per acclimation 
temperature and critical thermal measured (or more when possible), 
even though for one population of C. hottentotus we could only obtain 
5–6 individuals for each measurement (Table 2). 
Table 2 
Sample size of individuals measured for critical thermal maximum(CTmax) and 





Species Populations CTmax CTmin CTmax CTmin 
Laccophilus lineatus Jonkershoek 10 9 10 10  
Mitchell’s Pass 10 10 11 10  
Cederberg 9 10 10 10 
Canthyporus 
hottentottus 
Jonkershoek 10 30 10 29  
Elim 10 9 10 10  
Stellenbosch 5 6 6 5 
Hygrotus inquinatus Montagu 10 10 10 10 
Laccophilus taeniolatus Ceres 10 10 10 10 
Hydrovatus macrocerus Nelspruit 10 8 8 6 
Hydrovatus sobrinus Nelspruit 10 9 8 9  
Fig. 2. Map with general geographic distribution estimates of species. Shaded areas, dashed lines and solid lines are used to ease the distributions’ visualization. In 
white boundaries of South Africa and its regions. 
A. Hidalgo-Galiana et al.                                                                                                                                                                                                                      
Comparative Biochemistry and Physiology, Part A 257 (2021) 110955
5
2.4. Effect of geographic origin and distributional range 
All species belong to family Dytiscidae, are of similar size (2–3 mm 
length) and inhabit similar habitats, although owing to the small num-
ber of species we did not attempt to correct for phylogeny (Ribera et al., 
2008). Instead, we analyzed some traits of the species group to which 
each species belongs. Three parameters were considered for this anal-
ysis: the geographic origin of the group, the size of the distribution and 
the number of ecoregions appearing in this distribution. The geographic 
origin of the group was defined after the distributions of all species that 
belong to an established taxonomic group and the available phyloge-
netic information. Three categories were codified to assign each species: 
Gondwanian origin for C. hottentottus (Biström and Nilsson, 2006), 
Palaearctic origin for H. inquinatus (Biström and Nilsson, 2002; Villas-
trigo et al., 2018) and Tropical origin for H. macrocerus and H. sobrinus 
(Biström, 1997). The size of the distribution was assigned to three cat-
egories after the latitudinal range of each species: ‘local’, ‘medium’ and 
‘wide’, being ‘local’ the species restricted to South Africa C. hottentottus, 
‘medium’ the species that occupies a latitude three times bigger (lati-
tude) H. inquinatus and ‘wide’ the remaining four species (Fig. 2) that 
have a latitudinal range about 5 to 6 times bigger than the local species. 
The number of ecoregions was used as a measure of habitat variability, 
defined by Olson et al. (2001) as units of land containing a distinct 
assemblage of natural communities and species, with boundaries that 
approximate the original extent of natural communities prior to major 
land-use change (Fig. 2 shows these estimated distributions). 
2.5. Statistics 
Statistical analyses were performed with RStudio 1.0.136 (RStudio 
Team, 2015, R Core Team, 2013). Data of thermal tolerance met as-
sumptions of normality in 70% of the groups (Shapiro-Wilks test) and 
homocedasticity in all groups (Fligner test, appropriate with no normal 
data). Due to the limited sample size of our experiments (Table 2) we 
decided to not delete outliers and instead performed the analyses ac-
counting for overdispersion of the data. To see whether any of the 
species and populations (for two of the species, L. lineatus and 
C. hottentottus) are able to acclimate for their upper and lower thermal 
limit, we performed a simple regression analysis for each trait separately 
(CTmin and CTmax) using each species as new assessment for the model 
and correcting for repeated testing with False Discovery Rate correction 
(Benjamini and Hochberg, 1995). To test the influence of species, pop-
ulations and acclimation temperature in CTmax and CTmin we used 
Generalized Linear Models with several distributions for the response 
variable and nested design (Species/Population/Acclimation Tempera-
ture) using finally a quasi-Poisson family distribution that allows 
dispersion to be a free parameter that models and compensate for the 
overdispersion of the data (see Faraway, 2016; Everittt and Hothorn, 
2014). To analyse the possible influence of several factors (origin of the 
group, latitudinal range and number of ecoregions included in the area 
of distribution) in the tolerance range of species we performed Multiple 
Linear Regression analysis. We were able to analyse this in 4 out of 6 
species (C. hottentottus, H. inquinatus, H. macrocerus and H. sobrinus) for 
which this information was readily available. 
3. Results 
After simple regression analysis and the False Discovery Rate 
correction, only H. sobrinus and one population of L. lineatus showed a 
significantly altered CTmin after acclimation. CTmax and CTmin differed 
significantly between species (Table 3, Nested Regression accounting for 
overdispersion P < 0.00001). Acclimation temperature did have an ef-
fect on CTmin (Table 3, P < 0.05) but not on CTmax (Table 3). There was 
no population effect for either of the two species analyzed (Table 3). 
Comparing the tolerance range, tropical species (H. sobrinus and 
H. macrocerus from Nelspruit) have a narrower range than temperate 
species due mainly to an elevated CTmin in the tropical species. 
The parameters considered in the Multiple Linear Regression related 
to the geographical, ecological and phylogenetic context of the species 
have some influence on their thermal tolerance (Table 4). Latitudinal 
range was highly significant for both upper and lower critical thermal 
limits (Table 4, P < 0.0001), the number of ecoregions is significant for 
CTmax (Table 4, P < 0.05–0.001) and highly significant for CTmin 
(Table 4, P < 0.0001), and the origin of the group was significant for 
both CTmax and CTmin (Table 4, P < 0.05). 
4. Discussion 
This article provides new insights into thermal tolerance and their 
thermal acclimation responses for an understudied group of aquatic 
Coleoptera from an ecologically and an evolutionary important 
geographic region (Cape Floristic Region in South Africa). 
There was more species-level variation in lower than in the upper 
thermal limits estimated here. The influence of acclimation temperature 
on CTmin but not on CTmax agree with general results of previous studies 
at global, local and regional scales on a range of terrestrial and aquatic 
arthropods that typically show that variation in upper thermal limits is 
less variable than in lower thermal limits (e.g., Chown, 2001; Klok and 
Chown, 2003; Terblanche et al., 2006; Mitchell et al., 2011; Rizzo et al., 
2015, but see Heerwaarden and Sgrò, 2013). It seems that short-term 
measures of upper thermal tolerance might be limited by general 
biochemical or physiological constraints, particularly to the denatur-
ation temperature of several proteins, rather than to ecological adap-
tation processes (Somero, 1995). In some invertebrate taxa, heat 
tolerance can be further affected by oxygen availability (Verberk et al., 
2017; Shah et al., 2017a). The generalized low variability in upper 
Table 3 
Results for generalized linear model (accounting for overdispersion) for critical 
thermal maximum(CTmax) and critical thermal minimum (CTmin) assessing the 
effects of population and acclimation temperature. Significant effects are shown 
in bold font.   
Effect t value P 
CTmax Species 4.9 1.81E-06  
Species(Population) − 0.765 0.445  
Species(Population(Acc Temp)) − 0.293 0.77  
CTmin Species − 4.639 5.95E-06  
Species(Population) 1.081 0.2811  
Species(Population(Acc Temp)) 2.31 0.0218  
Table 4 
Results of multiple regression analysis for L. lineatus, L. taeniolatus, H. inquinatus, 
C. hottentottus, H. macrocerus and H. sobrinus (approximate areas of geographic 
distributions in Fig. 2). The origin of the group was defined after the species 
distributions that belong to an established taxonomic group and the available 
phylogenetic information (three categories: Gondwanian origin for 
C. hottentottus (Biström and Nilsson, 2006), Palearctic origin for H. inquinatus 
(Biström and Nilsson, 2002) and Tropical origin for H. macrocerus and 
H. sobrinus (Brancucci and Wittmer, 1957)). The size of the distribution was 
assigned after the latitudinal range of each species like ‘local’, ‘medium’ and 
‘wide’. The number of ecoregions was used as a measure of habitat variability 
and it was defined after Olson et al. (2001) on the distribution of the species (see 
Fig. 2 for estimated distributional ranges). Significant effects are shown in bold 
font.   
Effect t value P 
CTmax Origin − 2.211 2.79E-02  
Latitudinal Range 3.59 4.00E-04  
Number Ecoregions − 3.286 1.10E-03  
CTmin Origin 2.178 3.04E-02  
Latitudinal Range − 3.918 1.00E-04  
Number Ecoregions 3.964 9.75E-05  
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thermal limits, despite acclimation that might buffer upper limits to a 
small extent (e.g. Heerwaarden et al., 2016), suggests the limited 
adaptive response of these species in a future climate change scenario 
(Mitchell et al., 2011), however it is argued that plasticity of upper 
thermal limits alone may not buffer insects against forecast climate 
change (Gunderson and Stillman, 2015; Gunderson et al., 2016). Here 
we find a low proportion of species/populations that are able to accli-
mate for CTmin under our experimental conditions, suggesting poten-
tially low acclimatory capacity at both high and low temperatures of the 
set of species studied. Differences in cold tolerance have been found 
between insects (beetles and cockroaches) between northern and 
southern hemisphere (Sinclair and Chown, 2005). To determine if this is 
unusual or the norm for taxa in the region would however require 
further validation with a larger set of populations and species, while 
accounting for a suite of variables such as methodological variation 
among studies. 
The temperature tolerance of the species is best explained by the 
number of ecoregions and the latitudinal range, with stronger effects 
found for CTmin than for CTmax (Table 4) (similar to Kellermann et al., 
2018 for desiccation resistance in Drosophila), results that would be 
supported by the Climate Variability Hypothesis (CVH) (Bozinovic et al., 
2011a, 2011b). The origin of the group does not explain any of our re-
sults but we must acknowledge the limitation of having only one 
Gondwanan species in making such a statement. Ecoregions and lat-
itudinal range are related to past and present distribution of the species 
(latitudinal range and origin of the group) and the variability of habitats 
throughout their distribution (number of ecoregions). It has been shown 
for Drosophila that wide ranges of cold resistance are associated with the 
distribution of generalist species (Kellermann et al., 2009) and heat 
resistance is an important determinant of Drosophila species 
Fig. 3. Acclimation graphs with * indicating the species/populations that acclimated significantly after applying and FDR correction. Localities: 1. Jonkershoek, 2. 
Mitchell’s Pass, 3. Montagu, 4. Cederberg, 5. Ceres, 6. Elim, 7. Stellenbosch pond, 8. Nelspruit (Fig. 1). 
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distributions as well (Kellermann et al., 2012), however no greater 
phenotypic plasticity has been found for more widely distributed species 
(Overgaard et al., 2011). We find that in general it seems that there 
might not be plasticity in these populations but for two cases. Could it be 
that behavioural thermoregulation is enough to cope with thermal 
variability for some of these species? Gunderson and Stillman (2015) 
hypothesize that behavioural adjustments may play a primary role in 
mediating the evolution of thermal plasticity, as they find greater 
physiological plasticity under environmental conditions in which the 
potential for behavioural thermoregulation is reduced. 
The populations of L. lineatus and C. hottentottus, are exposed to the 
same general climatic conditions (Gasith and Resh, 1999). We find no 
difference in upper or lower limits to thermal performance between 
populations of the same species although only one population of L. lin-
eatus did show acclimation responses for CTmin. This is commonly re-
ported from other studies and indicates little evidence for local 
adaptation or plastic responses of stress resistance of different pop-
ulations (for Drosophila spp. see e.g., Hoffman and Watson, 1993). Lac-
cophilus lineatus and C. hottentottus have very different distributional 
ranges (Fig. 2). Canthyporus hottentottus range is the smallest (Fig. 2) and 
we are covering more of its total distribution with the three populations 
sampled than for L. lineatus (also three populations sampled). 
Irrespective of the acclimation conditions, cold resistance reached 
lower temperatures in the species collected under a Mediterranean 
climate regime (Western Cape Region) than under humid subtropical 
climate (Mpumalanga region). Both species collected in Mpumalanga 
region (H. macrocerus and H. sobrinus) (Nelspruit in Fig. 1, Fig. 2) have a 
widespread distribution but only H. macrocerus extend far south to be 
present in the Western Cape region. It thus seems that even if this species 
experiences a Mediterranean climate it appears to have ‘adapted’ to a 
less variable (mainly with respect to colder conditions) climate typical of 
subtropical climates. Typically, tropical species are thought to show 
little or no acclimatory capacity at high or low temperature (Overgaard 
et al., 2011), however one of our tropical species (H. sobrinus) did 
acclimate for CTmin. Differences in the tolerance range between tropical 
and temperate species (Figs. 1-3) are in agreement with previous studies 
that support that thermal tolerance range increases with an increase of 
latitude or altitude (reviewed in Addo-Bediako et al., 2000; Sunday 
et al., 2011), tropical species are also more vulnerable to climate change 
(Shah et al., 2017a, 2017b), although plasticity is not typically showing 
any patterns correlated with this in terrestrial insects (Overgaard et al., 
2011; Mitchell et al., 2011). Comparing the range of thermal tolerance 
estimates obtained under our experimental design (Fig. 3) with other 
studies on Dytiscidae from the Northern Hemisphere (Calosi et al., 2008; 
Calosi et al., 2010) we obtain narrower ranges mainly for CTmin. Typi-
cally, thermal tolerance breadth in ectotherms increases with latitude to 
a greater extent in the Northern Hemisphere (Sunday et al., 2011). 
However, these differences might be due to either methodological ar-
tefacts or inherent physiological variation, or some combination of both, 
that are not able to be dissected apart in our study. For example, it is well 
established that the thermal limit assay endpoints (e.g. choice of 
behavioural metric, like heat coma or muscle spasms), and variation in 
assay methods such as ramping rate and start conditions, can readily 
influence tolerance estimates and the magnitude of plasticity (reviewed 
recently in Terblanche and Hoffmann, 2020). 
In conclusion, we find evidence of limited acclimation ability in the 
species included in this study, similar to what has been found for other 
aquatic species in the region (Dallas and Rivers-Moore, 2018; Reizen-
berg et al., 2019). The variation among species found in lower thermal 
limits could be explained by phylogeny and ecoregion. It seems there-
fore that the Dytiscidae in this region might be vulnerable in a future 
climate change scenario given the limited adaptive response of their 
upper and lower thermal limit. It is crucial for future conservation 
management programs to integrate this information at different tem-
poral and spatial scales to be able to forecast the impacts of climate- 
related stress on local populations. 
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